Keyhole plasma arc welding (KPAW) has a promising future in the welding of automobiles (Ref. 1), airplanes (Ref.
Introduction
metal was pressured toward the bottom surface, which caused redistribution of the thermal energy between the top and bottom welds (Ref. 15 ) and facilitated the formation of weld defects on the top and bottom surfaces (Ref. 16 ). Even though experimental observation and numerical simulation have been carried out to analyze the keyhole behavior (Ref. 17) , keyhole stability (Refs. 18, 19) , weld pool convection (Refs. [20] [21] [22] , and weld defect formation (Ref. 5) in the KPAW process, the weld pool convection in previous numerical simulations is different from the experimental results (Ref. 23), and the undercut formation mechanism has not been revealed.
In this study, the convective patterns inside the weld pool in the KPAW process were measured by the x-ray transmission system. The convective patterns on the weld pool surfaces were measured by tracing the movement of the zirconia particles based on the high-speed video camera system. The temperature of the weld pool surface was measured by the thermal camera system. Based on the comprehensive experiments, the fluid flow and the temperature distribution of the weld pool were analyzed. For the first time, the undercut formation mechanism in the KPAW process is revealed in detail. Figure 1 shows a photograph of the experimental setup. A transfer-type plasma arc welding torch (100WH, Nippon Steel Welding & Engineering Co. Ltd.) and a welding power source (NW-300ASR, Nippon Steel Welding & Engineering Co. Ltd.) were used in the experiments. The x-ray transmission system consisting of two sets of x-ray power sources and image intensifiers as well as a high-speed video camera was used to observe the movement of 0.5-mm-diameter tungsten particles, thus allowing the convective patterns inside the weld pool to be measured. The x-ray 1 power source with the tube current of 1.0 mA and the tube voltage of 230.0 kV was located at the upper side of the base metal. The x-ray 2 power source with the tube current of 3.5 mA and the tube voltage of 225.0 kV was located at the lower side of the base metal. The image intensifiers were used to convert the x-ray transmission images to visible images, which were then captured by the high-speed video camera with the frame rate of 1000 frames/s. During welding, the movement of zirconia particles on the top and bottom weld pool surfaces were measured by another high-speed video camera with the frame rate of 3000 frames/s, thus allowing the convective patterns on the weld pool surfaces to be measured. It should be noted that the tungsten particles or the zirconia particles were put into the prefabricated holes in the base metal.
Experimental Procedures
The thermal camera (Miro Ex4 Phantom, Vision Research Inc.), including three color sensors composed of red (R), green (G), and blue (B), was used to take the weld pool surfaces images with the frame rate of 2000 frames/s. It should be noted that to avoid the strong radiation of the arc, the weld pool surface images were taken immediately after switching off the main arc. The main arc completely disappeared within 1.0 ms. In our previous study, it was found that the decrease of the surface temperature was negligible within 2 ms after cutting the arc (Ref. 24) . The weld pool temperature was calculated from the ratio of the R sensor signal to the G sensor signal in the image based on the twocolor pyrometry method. Detailed descriptions of the experimental methods can be seen in our previous work (Ref. 23).
The stainless steel SUS304 plates with the dimensions of 300  100  4 mm were used as the base metal in the experiments. The torch orifice diameter was 2.0 mm, and the electrode setback was 3 mm. The distance between the nozzle and the base metal was 5 mm. The welding current was direct current 120 A, and the welding voltage was approximately 27 V. The welding speed was 3 mm/s. Pure argon (Ar) was used as the main plasma gas and the shielding gas. During welding, the backshielding gas was introduced to a backside gas box, which was put on the welding jig, avoiding oxidation of the back weld bead. The main plasma gas flow rate was 0.7, 1.7, and 3.0 L/min. The shielding gas flow rate was 7.5 L/min.
Results

Influence of Plasma Gas Rate on Weld Bead Formation
The weld bead appearances and the cross sections of the weld beads in cases of 0.7, 1.7, and 3.0 L/min are indicated in Fig. 2 . In the case of 0.7 L/min, only a blind keyhole was formed, and no undercut was generated. The inclination of the front keyhole wall about 33 deg.
In the case of 1.7 L/min, a penetrated keyhole was formed, and the slight undercut was generated at the weld toe. The undercut depth was about 0.13 mm. The keyhole width at the bottom surface at the B-B cross section was about 2.2 mm. The inclination of the front keyhole wall was about 20 deg.
In the case of 3.0 L/min, serious undercut was generated at the weld toe. The undercut depth was about 1.2 mm. The keyhole width at the bottom surface at the B-B cross section was about 3.1 mm. The inclination of the front keyhole wall was about 23 deg.
The Influence of Plasma Gas Rate on the Fluid Flow
The three-dimensional convective patterns inside the weld pool in cases of 0.7, 1.7, and 3.0 L/min are indicated in Fig. 3 . In the case of 0.7 L/min, only a blind keyhole was formed. The molten metal flowed upward and backward along the rear keyhole wall. Therefore, only a clockwise eddy was formed inside the weld pool. The maximum velocity (0.39 m/s) was located at the convective pattern near the top surface.
In the case of 1.7 L/min, a clockwise eddy was formed in- It can be concluded from Fig. 3 that as the plasma gas rate was increased, the counterclockwise eddy inside the top weld pool became smaller, and then disappeared.
The convective patterns at the top surface of the weld pool in cases of 0.7, 1.7, and 3.0 L/min are presented in Fig.  4 . In the case of 0.7 L/min, all the zirconia particles flowed backward and outward to the rear part of the top weld pool.
In the case of 1.7 L/min, the zirconia particles flowed backward to the rear part of the top weld pool. However, at the lateral sides of the top weld pool, the particles reached the top weld pool periphery, and then flowed inward.
In the case of 3.0 L/min, near the keyhole, the zirconia particles flowed downward. At the middle of the top weld pool, the zirconia particles flowed backward and inward.
The distribution of the average flow velocity at the top surface of the weld pool in cases of 0.7, 1.7, and 3.0 L/min are presented in Fig. 5 . In the case of 0.7 L/min, from the front part to the rear part of the top weld pool, the flow velocity was first increased and then decreased. The maximum velocity (about 1.2 m/s) was located at the middle of the top weld pool.
In the case of 1.7 L/min, the flow velocity tendency was similar to that in the case of 0.7 L/min. The maximum velocity (about 0.62 m/s) was also located at the middle of the top weld pool.
In the case of 3.0 L/min, the maximum velocity (about 0.8 m/s) was found near the top keyhole, in which the zirconia particles flowed downward and inward.
It can be concluded from Figs. 4 and 5 that when a penetrated keyhole is formed, at the top surface, the inward flow can be observed at the middle of the top weld pool, and the backward flow becomes weak. If the plasma gas rate is too large, the downward and inward flow with high velocity can be observed near the top keyhole.
The convective patterns at the bottom surface of the weld pool in cases of 1.7 and 3.0 L/min are presented in Fig.   6 . In the case of 1.7 L/min, the zirconia particles flowed outward and backward to the rear part of the bottom weld pool. There were two convective patterns in the case of 3.0 L/min. All the particles flowed backward from the keyhole toward the rear part of the bottom weld pool. At the rear part of the bottom weld pool, several particles flowed forward.
The distribution of the average flow velocity at the bottom surface of the weld pool in cases of 1.7 and 3.0 L/min are presented in Fig. 7 . It can be seen that from the keyhole to the rear part of the weld pool, the flow velocity was decreased. The maximum flow velocity just behind the keyhole in the case of 3.0 L/min (about 1.3 m/s) was higher than that in the case of 1.7 L/min (about 1.15 m/s).
The Influence of Plasma Gas Rate on Temperature Distribution
The top weld pool and temperature distribution in the cases of 0.7, 1.7, and 3.0 L/min are presented in Fig. 8 . In the case of 0.7 L/min, the top weld pool was elliptical, and there were two high-temperature zones located at the lateral sides of the top weld pool (X = 4 ~5 mm). The premature solidification of the molten metal at the lateral sides can't be seen. From the front to the rear part of the top weld pool, the temperature was first increased and then decreased.
In the case of 1.7 L/min, the top weld pool length was decreased. The high-temperature zone was located at the centerline of the top weld pool (X = 5 mm). The maximum temperature was about 1870 K. The premature solidification of the molten metal can be seen at the lateral sides.
In the case of 3.0 L/min, the top weld pool length was the smallest. The high-temperature zone was also located at the centerline of the top weld pool (X = 3.5 mm). The maximum temperature was about 1805 K. The premature solidification of the molten metal can be seen at the lateral sides. The bottom weld pool and temperature distribution in cases of 1.7 and 3.0 L/min are presented in Fig. 9 . The bottom weld pool was much longer and wider in the case of 3.0 L/min. The bottom weld pool length was about 17 mm in the case of 3.0 L/min and 14 mm in the case of 1.7 L/min. The temperature distributions in both cases have the same tendency with the highest value located just behind the keyhole. However, the maximum temperature was higher in the case of 1.7 L/min, where 1859 K at X = 1 mm in comparison to the case of 3.0 L/min where 1830 K at X = 1 mm.
It can be concluded from Figs. 8 and 9 that as the plasma gas rate was increased, the weld pool length was decreased at the top surface, but increased at the bottom surface. The high-temperature zone moved from the lateral sides to the centerline of the top weld pool.
Discussion
In this study, an electrode-arc model was developed to study the plasma arc physics in the KPAW process. The detailed description of the numerical model can be seen in our previous work (Ref. 25) . The influence of the plasma gas rate on the weld pool convection and weld bead formation was analyzed, and the undercut formation mechanism was revealed. Figure 10 shows the distribution of the arc pressure (Pa) and plasma shear stress () of a flat surface with different plasma gas rates. When the plasma gas rate was 0.7 L/min, the maximum arc pressure was about 1562 Pa, and the maximum plasma shear stress was about 330 Pa. The arc pressure and plasma shear stress were so small that only a blind keyhole was formed.
The Relationship between Plasma Gas Rate and Weld Pool Convection, Weld Bead Formation
It should be noted that in the blind keyhole case, the arc pressure was downward, and the plasma shear stress caused by the reverse flow of the arc plasma was upward and backward (Ref. 21 ). Based on Figs. 3A and 4A, it can be concluded that the plasma shear stress was the dominant driven force for the clockwise eddy inside the weld pool and the backward and outward flow on the top surface. The arc pressure had minor influence on the weld pool convection.
The Peclet number of the weld pool in the blind keyhole case is calculated by Equation 1 , and its value is about 202. The Peclet number is a dimensionless number showing the ratio between convection and conduction. The much higher Peclet number in the blind keyhole case means the heat transportation by the fluid flow is the dominant mechanism for the energy transportation inside the weld pool (Ref. 26) . where  is the fluid density (6900 kg/m 3 ), C is the specific heat (720 J/kg·K), L is the characteristic length (weld pool radius: 0.00296 m), V is the characteristic velocity (0.39 m/s), and K is the thermal conductivity (28.4 W/m·K).
Based on Figs. 4A and 8, the schematic diagram of the weld pool at the top view in the case of 0.7 L/min can be obtained. As shown in Fig. 11 , the molten metal at the top surface flowed outward and backward due to the plasma shear stress, so a lot of energy was transported to the weld pool periphery and rear. An elliptical weld pool was formed. The temperature of the molten metal at the middle of the weld pool was high, and two high-temperature zones were located at the lateral sides of the weld pool. The premature solidification of the weld pool periphery at the maximum width of the weld pool did not occur, so the undercut was not formed in the blind keyhole case.
As shown in Fig. 10 , when the plasma gas rate was 1.7 L/min, the maximum arc pressure was about 4532 Pa, and the maximum plasma shear stress was about 630 Pa. The arc pressure and plasma shear stress were so large that a penetrated keyhole was formed. As shown in Fig. 12 , at the top surface of the weld pool, the plasma shear stress was upward and backward due to the reverse flow of the arc plasma (Ref. 27), so a clockwise eddy was formed inside the top weld pool. At the bottom surface of the weld pool, the plasma shear stress was downward and backward due to the downward flow of the arc plasma. Besides, the arc pressure was downward, so a counterclockwise eddy was formed inside the bottom weld pool. The downward flow of the arc plasma (the downward plasma shear stress) was strong, while the reverse flow (the upward plasma shear stress) was relatively low, so the size of the bottom eddy was larger than that of the top eddy, as shown in Fig. 3B . The maximum backward flow velocity (about 0.62 m/s) at the top surface was much smaller than that at the bottom surface (about 1.15 m/s), and was also much smaller than that of the 0.7 L/min case (about 1.2 m/s). More energy was transported to the bottom surface, and less energy was transported to the top surface, so the weld pool length at the top surface was smaller than that of the 0.7 L/min case.
It is obvious that the inward flow can be observed at the top surface at the middle of the top weld pool in the case of 1.7 L/min. This inward flow was proposed to be responsible for the undercut formation in the high-speed and highcurrent GTAW (Ref. 8) and GMAW processes (Refs. 13, 14) . Meng proposed that the inward flow was caused by the teardrop-shaped weld pool profile (Ref. 8). Zong suggested that the inward flow was dominated by the Marangoni force (Refs. 13, 14) . However, it should be noted that in the KPAW process, the maximum temperature of the weld pool is less than 2000 K, and the surface tension temperature coefficient of 304 stainless steel is negative, so the Marangoni force is outward. The inward flow in the KPAW process can be explained as follows.
Based on Figs. 4B and 8, the schematic diagram of the weld pool at the top view in the case of 1.7 L/min can be ob- tained. As shown in Fig. 13 , the upward plasma shear stress caused by the reverse flow of the arc plasma at the top surface was low, so the backward flow at the top surface was weak, and little energy could be transported to the rear part of the top weld pool. The rear part of the top weld pool was easily solidified, so a teardrop-shaped profile was formed. When the molten metal reached the solidified weld pool periphery, it changed the flow direction, resulting in the inward flow.
Due to the inward flow, more molten metal and energy were transported from the lateral sides to the centerline of the top weld pool, leading to the formation of the hightemperature zone at the centerline of the top weld pool. Without enough molten metal and energy, the lateral sides of the top weld pool were easily prematurely solidified, causing the undercut formation.
As shown in Fig. 10 , when the plasma gas rate was 3.0 L/min, the maximum arc pressure was about 7179 Pa, and the maximum plasma shear stress was about 787 Pa. The arc pressure and plasma shear stress were very large, so a large penetrated keyhole was formed. The reverse flow of the arc plasma at the top surface (the upward plasma shear stress) was very weak, and the downward flow of the arc plasma (the downward plasma shear stress) was very strong, so near the rear keyhole wall, only a counterclockwise eddy was formed inside the weld pool, and the molten metal flowed downward and inward with high velocity at the top surface (maximum velocity: about 0.8 m/s). The maximum backward flow velocity at the top surface (about 0.58 m/s) was smaller than that of 1.7 L/min (about 0.62 m/s). The maximum backward flow velocity at the bottom surface (about 1.25 m/s) was larger than that of 1.7 L/min (about 1.15 m/s). Most of the energy was transported to the bottom surface, and little energy could be transported to the top surface, so the weld pool length was decreased at the top surface, but increased at the bottom surface. A teardropshaped top weld pool was easily formed. The molten metal flowed inward near the keyhole and at the middle of the top weld pool, resulting in the formation of the high-temperature zone at the centerline of the top weld pool, and the serious undercut formation.
The Undercut Formation Mechanism
Based on the above discussion, it can be concluded that the counterclockwise eddy inside the weld pool, and the backward and inward flow at the top surface of the weld pool have great influence on the undercut formation.
As shown in Fig. 14 , the irregular fluid flow and uneven energy distribution mechanisms are proposed to be responsible for the undercut formation at the top surface. When the plasma gas rate is increased, the counterclockwise eddy inside the weld pool becomes stronger, and the backward flow at the top surface becomes weaker, so more energy is transported to the bottom surface, and less energy is transported to the top surface. The rear part of the top weld pool is easily solidified, so a teardrop-shaped profile is easily formed.
The teardrop-shaped weld pool profile contributes to the increase of the inward flow. It should be noted that when 
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the counterclockwise eddy inside the weld pool becomes dominant, as shown in Fig. 14B , the downward and inward flow can also be seen at the top surface near the rear keyhole wall. More molten metal and energy are transported from the lateral sides to the centerline of the top weld pool. The high-temperature zone is formed at the centerline of the top weld pool, and the lateral sides of the top weld pool are easily prematurely solidified, causing the undercut formation at the top surface. It should be noted that more molten metal and energy are transported to the bottom surface, and inward flow can't be seen at the bottom surface, so the undercut is difficult to form at the bottom surface.
Conclusions
The following conclusions can be obtained: In the blind keyhole case, due to the reverse flow of the arc plasma, the molten metal at the top surface flows outward and backward, and only a clockwise eddy is formed inside the weld pool. The temperature of the molten metal at the lateral sides of the weld pool is high, and the undercut is not formed. The plasma shear stress is the dominant driven force for the weld pool convection, while the arc pressure has minor influence on it.
As the plasma gas rate is increased, a penetrated keyhole is formed. The counterclockwise eddy inside the weld pool becomes large, and then dominant. The backward flow at the top surface is decreased, while the inward flow caused by the teardrop-shaped top weld pool profile and the dominant counterclockwise eddy inside the weld pool is increased. The temperature of the molten metal at the lateral sides of the top weld pool is low.
In the KPAW process, the heat transportation by the fluid flow is the dominant mechanism for the energy transportation inside the weld pool. The strong counterclockwise eddy inside the weld pool, and the weak backward flow at the top surface, lead to the uneven energy distribution between the top and bottom surfaces. The strong inward flow causes the uneven energy distribution between the lateral 
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sides and centerline of the top weld pool. All of these reasons contribute to the undercut formation at the top surface.
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